Use-dependent movement therapies can lead to partial recovery of motor function after neurological injury. We attempted to improve recovery by developing a neuroprosthetic intervention that enhances movement therapy by directing spike timing-dependent plasticity in spared motor pathways. Using a recurrent neural-computer interface in rats with a cervical contusion of the spinal cord, we synchronized intraspinal microstimulation below the injury with the arrival of functionally related volitional motor commands signaled by muscle activity in the impaired forelimb. Stimulation was delivered during physical retraining of a forelimb behavior and throughout the day for 3 mo. Rats receiving this targeted, activity-dependent spinal stimulation (TADSS) exhibited markedly enhanced recovery compared with animals receiving targeted but open-loop spinal stimulation and rats receiving physical retraining alone. On a forelimb reach and grasp task, TADSS animals recovered 63% of their preinjury ability, more than two times the performance level achieved by the other therapy groups. Therapeutic gains were maintained for 3 additional wk without stimulation. The results suggest that activitydependent spinal stimulation can induce neural plasticity that improves behavioral recovery after spinal cord injury. spinal cord injury | spike timing-dependent plasticity | recurrent neural-computer interface | rehabilitation Author contributions: J.G.M. and S.I.P. designed research; J.G.M., R.R.M., and S.I.P. performed research; J.G.M. and S.I.P. analyzed data; and J.G.M., R.R.M., and S.I.P. wrote the paper.
C hronic motor deficits frequently represent the most significant barrier to functional recovery after spinal cord injury (SCI). Given that impairment severity is related to the function of remaining viable neural resources and that central neurons cannot yet be repaired or replaced, a primary goal of many motor rehabilitation programs is to maximize the capacity of spared neural circuits. One approach is to leverage the nervous system's intrinsic capacity for reorganization: neural plasticity.
Use-dependent movement therapies attempt to drive neural plasticity by facilitating functionally relevant muscle activity, reinforcing appropriately patterned neural activity in circuits made marginally effective or maladaptive after injury (1) (2) (3) . For example, body weight-supported treadmill training, which accelerates locomotor retraining, induces wide-ranging neural changes after SCI in animals (4) . Importantly, recent evidence suggests that both the physiological effects and the functional benefits of use-dependent movement therapies can be augmented with concurrent neural stimulation (5) (6) (7) (8) . Presumably, enhanced neural excitability increases the likelihood that spared pathways can be activated, a notion that highlights the potency with which robust and appropriate neural activity can modify function.
In addition to enhancing therapeutic efficacy by modulating neural excitability, electrical stimulation can directly induce neural plasticity. For example, focal stimulation can regulate the timing of activity across synapses, leading to spike timing-dependent plasticity (STDP). The temporal relationship between spiking in pre-and postsynaptic neurons dictates the magnitude and polarity (i.e., potentiation vs. depression) of plastic changes (9) (10) (11) . When synchronizing stimulation is repetitively triggered by natural, ongoing neural activity (i.e., activity-dependent stimulation), significant modifications of circuit function can be observed well beyond the duration of conditioning (12) .
Motivated by the ability of activity-dependent stimulation to induce both dramatic and durable plastic changes, we sought to determine the extent to which STDP-inspired protocols could be exploited to enhance motor recovery after SCI. Thus, we developed a rehabilitation intervention that combines a novel application of electrical stimulation-targeted, activity-dependent spinal stimulation (TADSS)-with physical retraining. The goal of this intervention, based on use-dependent movement therapy principles, is to facilitate and direct intrinsic synaptic plasticity in specific spared motor circuits below an SCI by synchronizing the delivery of intraspinal microstimulation with the arrival of functionally related volitional motor commands. For example, specific descending motor pathways are activated during attempted elbow extension. Although they cannot adequately recruit spinal circuits mediating elbow extension after SCI, localized spinal stimulation can still activate extension-related spinal circuits. If the stimuli are appropriately timed, spiking in postsynaptic spinal neurons will occur within a narrow window of time after spiking in presynaptic axon terminals (e.g., from cortex and brainstem), strengthening the connection in accordance with an STDP learning rule ( Fig. 1) . Over time, this reinforcement should increase the effectiveness of the motor pathways, ultimately leading to an enhanced ability to produce elbow extension that persists beyond the duration of stimulation.
Significance
This study describes a new strategy for enhancing motor recovery after neurological injury. Using a recurrent neural-computer interface, we attempt to facilitate and direct functionally relevant activity-dependent neural plasticity, the mechanism thought to underlie the benefits of use-dependent physical therapy. We show that this approach can lead to meaningful functional gains that last for weeks after discontinuation of stimulation, a finding that is both unique and highly clinically relevant. Our results suggest that we have leveraged the nervous system's intrinsic capacity for reorganization and repair to drive true neurological rehabilitation rather than enhancing performance through reanimation or replacement of function. This approach could also be adapted to other impairments, such as locomotion, bowel, bladder or sexual dysfunction, and pain.
Results
Experimental Design. We implemented this therapy in a rodent model of chronic, incomplete, cervical SCI. In total, 24 female Long-Evans rats received a moderate to severe unilateral dorsal spinal contusion at the C4/C5 border ( Fig. 2A ) ipsilateral to the dominant forelimb, resulting in a marked and persistent inability to extend the elbow, wrist, and digits. During the fifth week post-SCI, animals were divided into three impairment-matched intervention groups: TADSS plus physical retraining (n = 9), targeted, open-loop intraspinal microstimulation (TOLSS) plus physical retraining (n = 6), and physical retraining alone (RT only; n = 9). Rats were assigned to treatment groups based on their week 5 reaching scores rather than using a randomization procedure to prevent any confound caused by variability in impairment extent from animal to animal. Larger-scale future investigations intended to optimize TADSS will be more amenable to a strict randomized, controlled trial framework than this proof of principle study. The TOLSS cohort was included to determine whether stimulus timing was an important factor in motor rehabilitation. All therapies were initiated at the beginning of the sixth week post-SCI. Electrical stimulation for both TADSS and TOLSS was ongoing for 5-8 h/d, including during physical retraining. Physical retraining consisted of one or two times per day sessions of a standard food pellet reach-grasp-retrieval task with the impaired forelimb (13, 14) . All interventions were administered 5 d/wk for 13 consecutive wk, and there were no between-group differences in average training frequency.
TADSS was realized using the Neurochip 2 recurrent braincomputer interface, a miniaturized, closed-loop system capable of autonomous, online recording and discrimination of biophysical signals (15) . The Neurochip can deliver contingent electrical stimulation in real time and operate continuously during free behavior. For TADSS, the Neurochip was configured to record one channel of electromyographic (EMG) activity from either the triceps or a wrist extensor muscle of the impaired forelimb ( Fig. 2B) , which served as a surrogate for volitional activation of descending extensor pathways. The Neurochip detected increases in EMG activity over baseline ( Fig. S1 ) and delivered a single pulse of intraspinal microstimulation (ISMS) within 200 μs of each detection event to a functionally related spinal site below the level of the lesion (identified by suprathreshold stimulus effects in the recorded muscle) (Figs. 1 and 2). Stimulation intensity was set at ∼90% of resting motor threshold, which was sufficient to ensure that postsynaptic cells were activated but insufficient to cause large muscle contractions, even during periods of high activity. The amplitude, temporal profile, and approximate location of stimulation were consistent between animals receiving TADSS and TOLSS. However, the timing of stimulation in the TOLSS group was uncorrelated with ongoing neural activity ( Fig. S2 ).
Baseline Reaching Performance. Therapeutic efficacy was quantified as the number of pellets that each rat successfully retrieved per retraining session expressed as a percentage of their individual pre-SCI maximum. This metric was chosen because it directly reflected the rats' ability to work against the primary impairment (i.e., to overcome the SCI-induced forelimb flexion bias) and was highly functionally relevant. Before injury, rats were trained until they consistently achieved at least 75% success, with all rats ultimately averaging 85% ± 2% by the end of training. A one-way ANOVA confirmed no differences between therapeutic groups (P = 0.43). Immediately after injury, rats were unable to perform the task at all. By the end of the fifth week post-SCI (preintervention baseline), rats had spontaneously recovered, on average, to ∼13% ± 2% of their pre-SCI scores. There were no between-group differences in performance at the beginning of treatment (Friedman's test: χ 2 = 1, P = 0.61) ( Fig. 3 ).
TADSS Enhances Recovery over TOLSS and RT Only. During the first 3 wk of intervention (weeks 6-8 post-SCI), all treatment groups continued to recover with a similar rate and to a comparable extent. Beginning with the fourth week of intervention (week 9 post-SCI), however, the TADSS cohort began to exhibit markedly enhanced performance over the TOLSS and RT-only groups. These gains were further increased during the remaining 9 wk of intervention, with the TADSS group ultimately averaging 63% of their pre-SCI maximum during the last 3 wk of therapy (weeks 16-18 post-SCI) ( Fig. 3 ). Conversely, TOLSS and RT-only animals were approximately one-half as successful as the TADSS cohort over the same period, recovering to 30% and 31% of their pre-SCI maximums, respectively. A linear mixed model analysis of the reaching performance data (Fig. S3 ) revealed a significant overall difference of the TADSS cohort from the remaining two groups (P = 0.024) and a significant interaction of therapy type by week of intervention (P < 0.001). This interaction effect was driven by the divergence of the TADSS cohort from the TOLSS and RT-only groups, which had rate and extent of recovery that were indistinguishable from one another.
To ensure that electrical stimulation delivered during the physical retraining sessions did not artificially enhance the apparent extent of recovery by directly causing the intended movements, a subset of TADSS and TOLSS animals, including the animal with the best recovery in each group, was tested at random time points throughout the 13 wk of intervention without stimulation ("catch trials"). In all cases, no significant changes in performance were observed between retraining sessions in which stimulation was available and those when it was not (Friedman's test: χ 2 = 1.7, P = 0.2) ( Fig. S4 ).
Therapeutic Benefits Persist Beyond Intervention. Because a fundamental goal of our TADSS-based therapy was to promote motor recovery that would persist after the cessation of stimulation, we also tracked the reaching performance of all surviving animals for 3 additional wk after the intervention phase of the study (weeks 19-21 post-SCI). During this follow-up period, no animals received electrical stimulation, and the intensity of physical retraining was reduced to one reach-grasp-retrieval session per day. Physical retraining was maintained at this intensity, because our primary outcome measure was a learned task, and complete discontinuation of daily retraining sessions could have resulted in decreased performance attributable to learned nonuse, recall, or motivational confounds rather than therapeutic washout. Performance during the follow-up phase was assessed by comparing the average reaching success over this period with the average success achieved during the last 3 wk of each intervention using paired, two-tailed t tests. TADSS animals averaged 63% ± 12% and 57% ± 12% (P = 0.3), TOLSS animals averaged 30% ± 5% and 28% ± 8% (P = 0.59), and RT-only animals averaged 31% ± 12% and 33% ± 13% (P = 0.76) ( Fig. 4 ). All cohorts maintained their reaching performance over the 3 wk of postintervention follow-up, indicating that functional recovery with TADSS did not rely on the continued delivery of electrical stimulation.
Timing of Stimulation Relative to Activation of Spinal Motor Circuits.
The elapsed time between motoneuron activation and the subsequent delivery of triggered ISMS was estimated independently of therapeutic sessions. Single pulses of suprathreshold current were delivered through the intraspinal microwires, resulting in a short burst of evoked muscle activity. Response onset and offset times were measured in stimulus-triggered averages of EMG ( Fig. 5A ). Spinally evoked triceps activity could be detected as early as 1.3 ms after ISMS, decaying over the ensuing ∼4-7 ms (Fig. 5A ). These latencies (plus a short synaptic delay and excitatory postsynaptic potential rise time) represented the range of delays over which salient EMG activity would have been detected during a TADSS session relative to the firing of presynaptic terminals on motoneurons. Additional delays of a few milliseconds would exist relative to presynaptic activation of synapses onto interneurons ( Fig. 1 ). To these values, we can add delays associated with the Neurochip's discriminator windows and the 200-μs electronic loop delay inherent to the Neurochip, resulting in a stimulation latency of <10 ms (Fig. 5B ).
Discussion
This study describes a novel intervention for motor rehabilitation after neurological injury that attempts to facilitate and guide activity-dependent neural plasticity, the mechanism thought to underlie the benefits of use-dependent physical therapy. We implemented this therapy with a recurrent neural-computer interface, which synchronizes the delivery of ISMS with natural, functionally relevant neural activity to increase the efficacy of damaged but spared neural circuits in a manner consistent with STDP. Our results show that a combination of use-dependent physical retraining and TADSS can lead to approximately two times the recovery achieved with either combined physical retraining and TOLSS or RT only. Additionally, we found that the therapeutic benefits of TADSS were maintained for 3 additional wk without stimulation.
Impact of Stimulus Timing on Recovery. The maintenance of TADSSdriven recovery for 3 wk beyond intervention is both a novel and highly clinically significant finding. It distinguishes TADSS from the results of other electrical stimulation-based therapies to date, which have therapeutic effects that are contingent on the maintained delivery of stimulation. Additionally, this finding strongly suggests that the enhanced recovery afforded by TADSS is an effect unique to activity-dependent conditioning of specific neural circuits post-SCI. Consistent with this notion, focal, activitydependent intracortical stimulation has recently been shown to accelerate motor recovery over focal, open-loop intracortical stimulation after mild traumatic brain injury (16) . Focal but open-loop ISMS was recently shown to improve forelimb recovery after cervical SCI in rats (17) but to a much lesser extent than we Fig. 3 . TADSS enhances motor recovery over TOLSS and RT-only therapies. Over 13 wk of intervention, animals receiving TADSS-based therapy (red) recovered to a significantly greater extent than animals receiving either TOLSS (blue) or RT-only (black) therapies. Over the last 3 wk of intervention, TADSS animals had recovered 63% of their pre-SCI skilled reaching performance, whereas the TOLSS and RT-only cohorts averaged only 30% and 31% over this period, respectively. Performance of TOLSS and RT-only cohorts was statistically indistinguishable; y axis shows the weekly average reaching score across all rats in each cohort expressed as a percentage of each rat's pre-SCI maximum. Error bars represent SEM. Statistical analyses were by a linear mixed model; detailed model parameters and results are available in SI Materials and Methods. Fig. 4 . Therapeutic benefits persist after stimulation ends. Mean reaching performance during the last 3 wk of intervention and over 3 wk of additional observation with reduced physical retraining frequency and no stimulation. TADSS animals averaged 63% ± 12% and 57% ± 12% (P = 0.3), TOLSS animals averaged 30% ± 5% and 28% ± 8% (P = 0.59), and RT-only animals averaged 31% ± 12% and 33% ± 13% (P = 0.76), respectively. Paired t tests revealed no significant changes in performance within each group over the two time periods (SI Materials and Methods).
observed with TADSS (although a direct comparison is difficult because of potential differences in impairment severity).
A strong influence of stimulus timing on recovery extent is not surprising given the ability of cortical and spinal conditioning paradigms to induce substantial changes in functional connectivity in animals and humans, even after SCI (12, (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . Indeed, when either cortical action potentials (12) or salient increases in EMG activity (21) are used to trigger microstimulation at cortical sites in freely behaving nonhuman primates, substantial and durable changes in motor output can be induced. Similarly, ISMS triggered by the spontaneous activity of a single corticomotoneuronal cell can produce STDP-like changes at corticomotoneuronal synapses (18) . In humans, paired associative stimulation between motor cortical neurons and spinal motor pools (mediated by transcranial magnetic stimulation and peripheral nerve stimulation, respectively) can effect short-term changes in motor output after as few as 50 pairs of conditioning stimuli (19, 24) . Although we have no direct evidence that TADSS induced synaptic plasticity in spinal pathways, our results are consistent with changes in connectivity that are dependent on the relative timing of the triggering signal and the stimulation. By comparison, the recovery afforded by our TOLSSbased intervention seems to have been mediated largely by the physical retraining itself, with possible additional contributions from spontaneous recovery. This conclusion is primarily supported by the equivalent behavioral responses found in the TOLSS and RT-only groups.
Timing of Stimulation Is Consistent with STDP-Based Reinforcement.
In STDP, the timing of action potentials across a synapse determines the polarity and magnitude of any change in postsynaptic potentials (9, 10) . When action potentials repeatedly arrive at a presynaptic axon terminal within a short interval before spiking in the postsynaptic target neuron (a "causal" relationship), synaptic strength is increased. In vitro (28) and in vivo (18) evidence indicates that robust enhancement of synaptic strength can be achieved at causal latencies of ∼25 ms or less, with nearly all effects being extinguished at latencies greater than ∼50 ms. In TADSS, stimuli were delivered within 10 ms of the arrival of descending motor commands in the relevant spinal circuits (Fig. 5 ). This range of latencies is well within the window for STDP facilitation of synapses in the spinal cord, indicating that our EMG-triggered spinal stimulation did occur within a time window appropriate for an STDP learning rule.
Other Factors Governing Recovery. It is somewhat surprising that the performance of our TOLSS cohort did not exceed that of the RT-only animals given that the efficacy of some use-dependent movement therapies increases when combined with open-loop electrical stimulation. However, previous investigations of openloop spinal stimulation have primarily focused on severe incomplete (17) or motor complete SCI (5, 7, 29) , in which little or no descending input to motoneurons remains (i.e., volitional motor control is lost). In these cases, open-loop spinal stimulation increases overall spinal excitability and potentiates the effects of segmental circuits. Without stimulation, however, even intense physical retraining may be incapable of reliably activating motoneurons below the lesion, limiting activity-dependent plasticity and likely, resulting in limited recovery. In agreement with this notion, open-loop ISMS has been shown to improve reaching performance over RT only (17) in rats that were ostensibly more severely impaired than our rats. Because our hemicontusion model is defined by retention of at least some volitional motoneuron activation below the lesion, physical retraining is more likely to activate spinal circuits than it would in more severe injuries. Thus, the additional therapeutic benefits of concurrent open-loop ISMS may be marginal. Consequently, we hypothesized that reinforcing precisely timed neural activity rather than affecting a general increase in spinal excitability would enhance the efficacy of use-dependent reach retraining in this model. Our finding of indistinguishable reaching performance between TOLSS and RTonly animals but increased performance in the TADSS cohort is consistent with this prediction.
The similar rate and extent of recovery between TOLSS and RT-only animals may also be related to our focus on skilled reaching rather than locomotion. Skilled reaching is a task critically dependent on volitional, descending control of spinal circuits. Although descending control is also integral to the flexible control of locomotion, rhythmic, alternating neural activity necessary for both fictive and overground locomotion does not require descending drive (30, 31) . Furthermore, these patterns can be both initiated and sustained with open-loop (even tonic) stimulation (32) . Thus, had we chosen locomotion as a primary outcome measure, a difference between the TOLSS and RT-only cohorts may have been apparent.
Finally, the timing of therapy initiation relative to SCI could be an important factor governing recovery. For example, physical retraining combined with open-loop cortical stimulation in a rat model of stroke has been shown to enhance motor recovery and cellular markers of neural plasticity over RT only but only when therapy is initiated in the subacute period (33) . Given that we initiated all therapies in the chronic period, an effect of timing may, in part, explain the similar performances observed in the TOLSS and RT-only cohorts. Nevertheless, our finding of increased recovery in TADSS-treated animals relative to both TOLSS and RT-only animals continues to suggest that reinforcement of appropriately timed neural activity may be critical, even when treatment onset is delayed.
Potential Circuits Conditioned by TADSS. We hypothesize that TADSS improved recovery by modifying synapses on spinal neurons recruited by motor commands from descending pathways either on α-motoneurons themselves or intercalated spinal interneurons. Corticospinal-interneuron synapses are the likely sites of this activation, both because they are important for mediating skilled upper limb control in rodents and because ISMS typically activates motoneurons transsynaptically at relatively low currents (34) . Similar to those in primates and cats, however, cervical motor pools in rodents also receive a rich input from bulbospinal motor pathways, such as the reticulospinal, rubrospinal, and vestibulospinal tracts, in addition to propriospinal and sensory afferents. Thus, it is possible that a portion of the behavioral recovery that we observed with TADSS was driven through these pathways.
Conclusions. Our results suggest that TADSS can significantly enhance the rate and extent of motor recovery over targeted, open-loop stimulation after motor-incomplete SCI, driving longlasting improvements in function that persist even in the absence of stimulation. Also, because therapies based on activity-dependent conditioning are able to continually reinforce specific, functionally relevant neural activity without the need for a sophisticated stimulation controller, they may be adaptable to other post-SCI impairments, such as locomotion or bowel, bladder, and sexual dysfunction. Thus, activity-dependent stimulation holds considerable promise for achieving meaningful, long-lasting recovery.
Materials and Methods
All procedures were approved by the University of Washington Institutional Animal Care and Use Committee.
Spinal Contusion. Animals were anesthetized with an i.p. injection of ketamine (80 mg/kg) and xylazine (12 mg/kg). In an aseptic procedure, dorsal neck musculature was retracted, and a hemilaminectomy was performed on the C4 vertebrae on the side of the rat's dominant limb. Subsequently, each animal received a single unilateral contusion of the spinal cord at the border of the C4 and C5 spinal segments using an Ohio State impact device (35) . The tip of the impactor probe was centered 0.5-1.0 mm lateral to the midline on the dorsal surface of the cord, and the intact dura mater was displaced 0.8 mm for 20 ms. After the contusion, musculature and skin were closed, and all animals received postoperative courses of buprenorphine (0.5 mg/kg s.c.) and enrofloxacin (5 mg/kg s.c.). Manual bladder expression was performed two times per day post-SCI until voiding reflexes returned, usually within 1-2 d. All surgical procedures (including intraspinal microwire and EMG implants) were identical in all animals, and surgeons were blinded to group assignments before and during all surgeries.
In the first 1-2 d after injury, all animals exhibited near-complete paralysis of the ipsilesional forelimb. Approximately 30% of animals also exhibited mild bilateral hindlimb weakness that typically resolved within 1 wk. Marked ipsilesional forelimb deficits persisted chronically and were characterized by a flexion bias at the elbow, wrist, and digits, with minimal ability to volitionally extend. Paw placement during exploratory rearing behavior was qualitatively noted to be asymmetrical and dominated by the contralesional forelimb along with weight bearing, grooming, and locomotion. Additionally, movements of the impaired forelimb were generally slower and lacked precise coordination. In a minority of animals, spontaneous recovery was negligible, and near-complete paralysis of the ipsilesional forelimb remained present at 6 wk post-SCI (i.e., the start of intervention).
Intraspinal Microwire and EMG Implants. After 4 wk of recovery post-SCI, rats were implanted with intraspinal microwires. We used an approach originally developed by Mushahwar and coworkers (36, 37) for the lumbar spinal cord. The spinal implant consisted of five platinum-iridium wires (30-μm diameter) that were passed through and extended ∼1 cm beyond the end of a silicone tube. The distal ends of the wires were bent in a z configuration to provide strain relief when inserted into the spinal cord, and the proximal ends were attached to a connector for cabling to the Neurochip. Animals were anesthetized using inhaled isoflurane [1-3% (vol/vol) in oxygen]. Under aseptic conditions, dorsal neck musculature was retracted, and a hemilaminectomy was performed on the ipsilesional C7 and T1 vertebrae. After clearing musculotendonous attachments from the dorsal process of T2, the silicone tube was affixed to the spinous process using 4-0 silk suture and cyanoacrylate glue. The exposed dura mater was incised rostrocaudally. Each of five microwires was inserted one at a time into the C6-C8 spinal segments at a laterality near the entry point of the dorsal roots. The lengths of the implanted segments of wire targeted intermediate and ventral laminae. The dura mater was closed over the wires with 7-0 silk suture. Additionally, one deinsulated wire was implanted into the back musculature to serve as a return path for stimulus current. The connector was routed subcutaneously to an incision made in the skin overlying the skull. In the same procedure, pairs of multistranded stainless steel wires were inserted into the ipsilesional triceps and wrist extensor muscles to record EMG activity. These wires were routed subcutaneously to the same connector as the intraspinal microwires. The connector was mounted to the skull using stainless steel screws and dental acrylic. After surgery, animals received a course of buprenorphine (0.5 mg/kg s.c.) and enrofloxacin (5 mg/kg s.c.). Animals were allowed to recover for 2 wk before initiation of therapy.
Stimulation Recording Electrode Pairs. Functionally related muscles and spinal sites were determined by systematically increasing the current amplitude delivered to each intraspinal microwire and monitoring evoked muscle twitches. The spinal site with the lowest threshold for eliciting a twitch in a given muscle was considered its pair (SI Materials and Methods). Current intensities required to elicit a twitch during these times generally ranged from 30 to 150 μA, and the maximum deliverable current was limited to 250 μA. This procedure was also performed for animals designated for TOLSS therapy to ensure that stimulation was delivered to appropriate motor regions, although spinal stimulation was not triggered by EMG activity for this cohort.
Reaching Task. Physical retraining and spinal stimulation were performed during the animals' dark cycle, when they are normally active. After identification of forelimb dominance, rats were trained to perform a standard food pellet reach-grasp-retrieval task (13, 14) . Animals were placed in a Plexiglas arena with two vertical slits near the lower front corners. Food pellets were placed in small dimples on a plastic block that was outside of the arena and in front of the vertical slits. A gap was present between the behavioral testing arena and the dimpled block, such that food pellets would fall and land out of reach when not firmly grasped. Over time, rats learned to reach through the slit, grasp the pellet with one paw, and bring it through the slit to their mouth. The width and position of the slit guaranteed that rats could reach the pellet with only one forelimb; after SCI, this discouraged reaching with the contralesional forelimb, focusing the physical retraining on the impaired limb. Mildly food-deprived rats worked at the pellet retrieval task for up to 30 min/d. The performance of uninjured rats in this task usually plateaued after ∼2 wk of training. Corticospinal lesions disrupt the ability of rats to perform this task, with some spontaneous recovery occurring over several weeks (13, 14) . Successful completion of this task requires production of skilled and coordinated movements, most notably of the elbow, wrist, and digit extensors. As such, this task can serve as both a form of use-dependent physical retraining and a means to quantify functionally relevant motor performance.
Reach Scoring System and Inclusion Criterion. Reaching performance was quantified using a binary credit system, which represents the most conservative scoring approach. In this method, rats are awarded a score of one if they reach through the slit, grasp the pellet, withdraw the pellet through the slit, and bring it to their mouth without dropping it. All other reaching attempts are awarded no credit. Performance is expressed as the average percentage of success across 20 consecutive reach/retrieval attempts. Individuals tasked with routine scoring and handling of animals were not involved in determination of therapeutic group assignments, data analysis, or interpretation.
Rats failing to average a binary reaching score of at least 1 (of 20) in either of the first 2 wk of intervention were excluded from additional analysis. This criterion was empirically determined from 10 additional animals (in both stimulated and nonstimulated cohorts) not included in our TADSS, TOLSS, and RT-only analyses, and it reliably distinguished animals with and without some capacity for recovery. Although 10 animals failing to meet these criteria were not included in our analyses, they were, nevertheless, administered either TADSS (n = 7) or RT-only (n = 3) therapy for at least 11 wk (or until the animal was euthanized because of medical complications) to verify their lack of recovery and validate the inclusion/exclusion criterion. All 10 animals had a preintervention (6 wk post-SCI) reaching score of zero. Performance of these animals was approximately constant and near zero throughout the interventions, with peak performance in both groups remaining at <3% success. We concluded that these animals lack a sufficient proportion of remaining neural resources to be viable candidates for an EMG-based therapy.
Reaching Performance and Physical Retraining. Before SCI, rats were trained until they routinely achieved at least 75-80% success (in 20 attempts) using binary scoring. Immediately before initiation of the intervention (6 wk post-SCI), rats were reassessed to establish baseline postinjury performance. All rats were trained for ∼30 min/d for 5 d/wk during the 13-wk intervention phase of the study, corresponding to one or two sessions of 20 pellet attempts per day. During the 3-wk follow-up period, rats were trained only one time per day. The weekly average binary reaching performance per rat, expressed as a percentage of that rat's preinjury maximum, was used as the primary outcome measure.
Activity-Dependent ISMS. Before initiating each daily TADSS session, sample EMG records, including periods of both high and low activity, were obtained from the muscle that would be used as part of the stimulation-recording pair described above. Each record was visually inspected to determine an appropriate threshold capable of distinguishing EMG activity from noise (SI Materials and Methods and Fig. S1A, horizontal dashed line) . We chose a conservative threshold estimate (i.e., relatively high amplitude) to ensure that stimulation was not delivered in response to noise. EMG activity exceeding this threshold was subjected to a ceiling criterion (Fig. S1A , left blue window) that prevented high-amplitude false positives (e.g., stimulus or movement artifacts) from triggering stimulation. Additionally, EMG activity passed through an amplitudetime window, which was set below the level of the mean unrectified voltage of the streaming EMG waveform and at a 1-ms delay (Fig. S1A, right blue window) .
When all waveform criteria were met, a single biphasic pulse of constant current stimulation (0.25-0.3 ms per phase) was delivered within 0.2 ms to the chosen intraspinal microwire. A refractory period of 10 ms was imposed after each stimulus pulse to prevent reverberant/positive feedback and prevent stimulation artifacts from retriggering stimulation (Fig. S1B ). Although this refractory period rate limited the maximum stimulation frequency to 100 Hz, typical stimulation frequencies during bursts of activity rarely exceeded ∼50 Hz (Fig. S1C) .
Open-Loop ISMS. We used custom Matlab software (The Mathworks) to generate an open-loop stimulation sequence that approximated the temporal profile of EMG-dependent stimulation while also delivering the same average number of stimuli per therapy session (SI Materials and Methods). This approach enabled us to capture the "bursting" nature of activity-dependent stimulation, which is characterized by brief periods of short interstimulus interval (ISI) stimuli followed by longer epochs of relative inactivity (as opposed to ongoing stimulation at an approximately constant rate).
An activity-dependent ISI distribution generated from 18 TADSS therapy sessions is shown in Fig. S2A ; as can be seen, the majority of activity-dependent ISI fell between 20 and 50 ms, with the mean ISI for all ISIs less than 250 ms being 0.048 s. The mean ISI for all possible ISIs (up to 30 s) is 0.151, which approximates the average stimulation rate over an entire therapy session (∼6.7 Hz). Fig. S2B shows the distribution of 1.65 million ISIs generated from inverse transform sampling of the empirical distribution and highlights the close agreement between the activity-dependent data and the open-loop sequence: the mean open-loop ISI for all ISIs less than 250 ms is 0.048 s, with an overall mean ISI (up to 30 s) of 0.159 s.
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Stimulation-Related Parameters. Each animal, regardless of therapeutic group, was connected to a Neurochip while in its behavioral/training arena. Determination of recording-stimulation pairs was performed during periods of relative inactivity in the forelimb, when volitional muscle activity was at a minimum. All recording-stimulation pairs were established after recovery from implantation surgery but before initiation of therapy.
The average initial current intensity (± SD) for all animals was 49 ± 22 μA (range = 20-100 μA), and the average final current intensity was 128 ± 76 μA (range = 50-250 μA). Intraspinal microwires primarily eliciting elbow extension formed the optimal wire-muscle pair in five TOLSS animals. In the remaining TOLSS animal, a preferential effect in triceps or wrist extensors or simultaneous activation of both muscle groups was equivocal. In the TADSS cohort, three animals had optimal pairs that primarily involved the triceps, five animals had pairs primarily involving wrist extension, and in one animal, a single intraspinal microwire routinely elicited elbow and wrist extension at the same current intensity.
The fidelity of stimulation-recording pairs was reassessed throughout the intervention phase of the study; if 250-μA stimuli at a given spinal site failed to elicit twitches in the target muscle, another triceps or wrist extensor pair was identified and subsequently used. Stimulation through the initial wire ceased to yield effects in two TADSS animals, necessitating that we change to a different intraspinal microwire. In both cases, the initial recording-stimulation pair involved wrist extensor muscles. In one of these animals, we were able to use an alternative spinal wire that also activated wrist extensors. In the other animal, however, the best remaining wire-muscle pair primarily involved the triceps muscle. In one TOLSS animal, explicit records of a change in spinal wire were lost. The same recording-stimulation pair was used throughout treatment in all other stimulated rats (both TADSS and TOLSS). The reaching performance of the TADSS subgroup with changed recording-stimulation pairs and that of the remaining seven TADSS animals were statistically indistinguishable (linear mixed model analysis, although the test is underpowered). Furthermore, in no cases were the animals in which more than one spinal wire was stimulated either the best or the worst performers of their therapeutic groups.
Activity-Dependent ISMS. EMG activity was recorded differentially and high pass-filtered at 10 Hz to remove motion artifacts. All data were digitized at 2 kHz. The signal/noise threshold (Fig. S1A , horizontal dashed line) averaged 50% ± 11% of full-amplitude range, with changes in noise level and/or reliability of motor unit action potential detection being the most frequent reasons for adjustment. Although our goal was to reliably discriminate as many motor unit action potentials as possible, aggregate EMG activity meeting all waveform criteria was considered suitable for triggering stimulation. Thus, the amplitude range of both discriminator windows was sufficiently broad to allow for a variety of waveform shapes.
Generation of Open-Loop ISMS Profile. We empirically derived a probability distribution of ISI from over 1.6 million pairs of adjacent activity-dependent stimuli sourced from TADSS therapy sessions. We then used inverse transform sampling to generate pseudorandom ISIs that matched the distribution of activity-dependent ISIs.
Operationally, each activity-dependent ISI was assigned to a temporal bin, the width of which increased with increasing ISI. This structure allowed more detail to be captured during short-duration ISIs, which occurred more frequently than longer ISIs. The minimum ISI extracted from activity-dependent data and thus, the minimum used for open-loop stimulation was 10 ms, reflective of the poststimulation refractory period. Activitydependent stimuli with an ISI greater than ∼30 s, although rare, were considered noncontinuous. Because such ISIs tended to reflect sleep, they were omitted from the distribution estimate, and the maximum possible open-loop ISI was capped at 30 s. A piecewise distribution was created from the extracted and temporally binned ISI, assuming uniform probability of all ISIs within a given bin. Distributions of activity-dependent ISIs sourced from actual TADSS sessions and the associated distribution created from inverse transform sampling, which formed the basis of our open-loop stimulation sequence, can be seen in Fig. S2 . Weekly average reaching score for each animal (baseline → week 13) stratified by therapy type iii) Fixed effects (type III sum of squares; includes intercept) 1) Therapy type (TADSS, TOLSS, or RT only) 2) Therapy type by week of intervention interaction iv) Random effects (covariance structure: scaled identity) 1) Intercept v) Repeated measure (covariance structure: first-order autoregressive) 1) Week of intervention d) Model results i) Type III tests of fixed effects 1) Intercept: F(1, 21.98) = 80.34; P = 0.000 2) Therapy type: F(2, 21.972) = 4.437; P = 0.024; significance indicates that at least one therapy type is different from the other two (overall) 3) Interaction of therapy type by week of intervention: F(39, 127.92) = 2.388; P = 0.000; significance indicates that at least one therapy type responded differently than the others across the weeks of intervention ii) Estimates of fixed effects (a priori decision to test vs. TADSS) 1) RT only (vs. TADSS): P = 0.001; indicating a significant overall difference between RT-only therapy and TADSS 2) TOLSS (vs. TADSS): P = 0.039; indicating a significant overall difference between TOLSS therapy and TADSS iii) Notes: animals receiving TADSS-based therapy also qualitatively showed improvements in the coordination and accuracy of skilled reaching movements, grooming, and paw placement asymmetry compared with TOLSS and RT-only animals b) Statistical analysis: paired, two-tailed t tests of the average reaching performance over weeks 11-13 of therapy vs. the average reaching performance over the subsequent 3 wk, which had no stimulation in either TADSS or TOLSS cohort c) TADSS reaching performance i) Weeks 11-13: 63% ± 12% ii) Weeks 14-16: 57% ± 12% iii) t Test: P = 0.3, indicating no significant changes during the follow-up period d) TOLSS reaching performance i) Weeks 11-13: 30% ± 5.0% ii) Weeks 14-16: 28% ± 8.0% iii) t Test: P = 0.59, indicating no significant changes during the follow-up period e) RT-only reaching performance i) Weeks 11-13: 31% ± 12% ii) Weeks 14-16: 33% ± 13% iii) t Test: P = 0.76, indicating no significant changes during the follow-up period . Quantile-quantile (QQ)/normality plots for TADSS, TOLSS, and RT-only longitudinal recovery datasets. To establish the validity of using a linear mixed model analysis for longitudinal reaching recovery/performance data, the normality of each cohort's data was assessed using a combination of QQ plots, the Kolmogorov-Smirnov test, and quantitative assessments of kurtosis and skewness. Data were determined to be suitable for linear modeling using these metrics. For all other statistical tests (as noted in SI Materials and Methods), a Kolmogorov-Smirnov assessment of normality was performed; distributions failing to meet normality criteria were analyzed using nonparametric statistical techniques. Fig. S4 . Spinal stimulation does not directly cause the intended movements. Representative catch trial data from the (A) TOLSS and (B) TADSS animals exhibiting the best recovery in each group. We assessed reaching performance with (red) and without (black; catch) stimulation at random times throughout the 13 wk of intervention, and we observed no significant differences in reaching performance between reach retraining sessions with stimulation and those without stimulation. This finding indicates that ISMS itself did not cause the intended movements. Thus, behavioral recovery is not attributable to direct effects of spinal stimulation on reaching performance. The y axis indicates reaching performance expressed as a literal number of food pellets successfully acquired out of a maximum of 20 (binary scoring), and the x axis indicates the week of intervention.
